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1. INTRODUCTION

The Gravity Recovery and Climate Experiment Folomw(GRACEFO) missionsucceeds the
GRACE mission, whictleaunchedon March 17, 2002n more tharl5 years obperation

GRACE provided pioneering observations of global mass fluxgatificantlycontributed to

our understanding of larggcale changes in polar iG®il moisture, surfacandground water
storaye,andocean mass distributio@RACEFO launchedon May 21,2018 andits primary
mission goal is teontinue the trackingf Earth'smassmovemend and changes, in particular
those related to watéFhe GRACEFO mission is a partnership between NASA and the German
Research Centre for Geosciences (GFZ2).

This GRACEFO Level 3 Data Handbooks designed tguide both experienced and beginner
users inunderstanding and usihgvel3 GRACE andGRACE-FO datgproducts The three
main objectives of this document are topigvide an overview ahe GRACEFO mission
including theinstrument desigrsciencedataprocessingandcalibrationandvalidation
procedures?2) provide adescription of thavailableLevd-3 GRACE-FO data productand
featured science and applicatimfd evel3 GRACEand GRACEFO data,and 3)providea set
of step by stepreproduciblaise casemtended to serve as a reference for users who are
interested in GRACH-O Level3 data produc.

2. INSTRUMENT DESIGN

The instruments on GRACE and GRAE® were designed to enable measurements of the
meanandtim® ari abl e components of the Earthés grav
gravitational differences on the planet's surface equivalent to that ofla8@8k of water only

one centimeter thick. GRACGEO uses the same method to measure gravitational fields as the

GRACE mission. Unique to the GRACE missions, the two satedlitethe measurement

instrument. GRACEF O6s t wo satel |l it e aroundbthelEarty, separated byot her
about 137 miles (220 km). Small changes in the distance between the two satellites, which result
from the variable pull of gravity on each as

measurement. Both satellites aepable of flying either in the lead or trailing positions, forward
or backward into the residual atmospheric wind. The mass of each GR@CGHtellite is
approximately 600 kg, including about 30 kg of nitrogen fuel propellant used for orbit control
maneuves.

A microwave ranging system measures the variations of the separation distance of the satellites
to within one micron, about the diameter of a blood cell. The instrument-Ban Ranging

System and it precisely measures the changes in the sepastti@en the two GRACE

satellites using phase tracking of &d Kaband microwave signals sent between the two

satellites in a configuration known as DOWR (Dual One Way Ranging). Each satellite transmits
carrier phase to the other at two frequencieswatig for ionospheric corrections.-Band has a

radio frequency of about 24 GHz and-Kand is near 32 GHz. The range variations can be
reconstructed from these phase measurements and its numerically derived derivatives, along with
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other mission and ancilta data, is subsequently analyzed to compute the parameters of an Earth
gravity field model that reflects the planetary mass distribution for a particular month.

Spatial and temporal variations i n tetedly Eart ho
causing changes in the distance between the spacecraft as they orbit the Earth. For instance,

when the GRACH-O satellite pair pass over an area of the Earth with a positive gravitational
anomaly, the change in gravitational field affects the sdellite first, pulling it away from the

trailing satellite. As the satellites continue, the trailing satellite is pulled toward the lead satellite

as it passes over the gravity anomaly.

The microwave ranging instrument used by GRACE and GRROEHs reérenced to a

ultrastable quartz clock and coupled with precise Satellite Global Positioning System (GPS)
receivers, which determine the position of the satellite over the Earth to within a centimeter or
less.

A highly accurate electrostatic, temperatooatrolled accelerometer, which is located at each
satellitebs cent e rgrawithtiomalaascsleratiomseohtisesatedlites, whitke n o n
include air drag, solar radiation pressure, and attitude control activator operation. Measuring the
nontgravtational forces on each satellite in this way serves to ensure that only accelerations
caused by gravity are considered in the distance measurements. The Star Camera Assembly is
comprised of star cameras (three on GRAEE, two on GRACE) mounted close the

accelerometer on each satellite to provide the precise attitude references for the satellites.

In addition to the microwave ranging system (which is based on the corollary instrument on
GRACE), GRACEFO also has an experimental laser ranging instruménch is designed to

make the measurement of the separation distance between the two spacecraft (the primary
measurement) even more precise. This advanced laser instrument could improve the accuracy of
inter-spacecraft ranging by tenfold or more and leasignificantly enhanced gravity

measurements and future missions.
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3. GRACEFO SCIENCE DATA PROCESSING SYSTEM

Since GRACE's launcim March 2002, the official GRACE Science Data Sys{&RDS)
continuously releases monthly gravity solutions from tliiferent processing centers.
GRACEFO data will also be distributed in these processing cefiiteks to each can be found
in Section 7.1)

T Jet Propulsion LaboratoyPL)
1 Center for Space Research at University of Texas, A(GS®HR
1 GeoforschungsZentrum Potsd&GF2)

Deriving monthto-month gravity field variations frolGRACE andGRACE-FO observations

requires a complex inversion of relative ranging observations between the two spacecraft, in
combination with precise orbit determir@tivia GPS and various corrections for spacecraft
accelerations not related to gravity chan@egure 1) GRACE andGRACE-FO data appear in

three different processing centéescausenany parameter choices and solution stratethiats

are possible. GFASR, and JPL explore these solution strategies differertly differences in

the resulting_evel2 gravity fields have helped to better understand the characteristics of the

various approaches, and differences between the ogntepsr o c e s s ihavegggererally at e gi e s
decreased over the Releases

Thevariedsolutions from JPL, CSR, and GFZ can be used to infer the uncertalreyah?2
andLevel3 GRACE andGRACE-FOfields that arises from the choice of solution strategy.
Recent papers (e.g., Sakumuralet2014) found that the ensemble mean (simple arithmetic
mean of JPL, CSR, GFZ fields) was effective in reducing the noise in the gravity field solutions
within the available scatter of the solutiolge recommend that usexgerageall three data

centels solutions (JPL, CSR, GFZ)
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Figure 1. This graphic shows the GRACE and GRAEE Mission Science Data System and
Flow. Data travel from the GRACE and GRAE® satellites to receivers on the ground. The
measurement and housekeeping data are stored onboard the GRALellites and relayed to
ground stations when the satellites pass over at least once a day.

3.1 Levetl Processing

Collectively, the processing from Levelto LevellB is called the Level Processing. Please
refer to the GRACE and GRAGEO Level1B Data Product User Handbooks foore
information on Levell processing.

3.2 Levei2 Processing

GRACE and GRACH-0O Level2 gravity field data products contain a set of spherical harmonic
coefficients of the figeopotential o. AGeEopoten
the Earth system, which includes its entire solid and fluid (including oceans and atmosphere)
components. The geopotential at a fixed location is variable in time due to mass movement and
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exchange between the Earth system components. The continuurnabbmarof the geopotential

is represented by theoretically continuous variation of the geopotential coefficients. Following
conventional methods (Heiskanen & Moritz 1967), at a field point that is exterior to the Earth
system, the potential of gravitat@mattraction between a unit mass and the Earth system may be
represented using an infinite spherical harmonic series. Though the exact spherical harmonic
expansion of the geopotential requires an infinite series of harmonics, the expansion is
effectivelylimited to a maximum degree (approx-800 for GRACE and GRAGEO monthly
fields, and >150 for longerm mean fields). Degree 60 corresponds to spatial length scales of
about 330 km.

Three centers are part of the GRACE Ground System and generate tiheasphemonic fields

for the Level2 data product: CSR, GFZ and JPL. Their output includes spherical harmonic
coefficients of the gravity field, as well as the dealiasing fields used in the data processing. For a
detailed description of the Earth gravitgld estimates provided by the Lex&processing and

the background gravity models used, please refer to the-ReBedvity Field Product User
Handbooks for each cemte

3.3 Level3 Processing

3.3.1 Overview

Observed monthly changes in gravity are caused by monthly changes in mass. Most of the
monthly gravity changes are caused by changes in water storage in hydrologic reservoirs, by
moving ocean, atmospheric and land ice masses, and by mass exchangestbesedesrth

system compartments. As such, gravity measurements from space provide a precise measure of
mass redistribution of Earthods water cycl e.
height (also known as equivalent water thickness).

Thetransformation of the gravity potential into Earth surface mass changes requires the
application of various steps to account for a number of different processes including the removal
of correlated and random errors, glacial isostatic adjust(dAl), aswell as other background

model corrections.

Theland and oceangriisal so known as mass concentarati on
typically processed with domaiptimized filters that are tuned to best filter out noise while
preserving real geophysical signals. The key processing steps from2.speérical harmonic

data to LeveB griddedmascon solutionare summarized iRigure2.
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IN: [ Input data: Level 2 gravity fields (monthly) ]
Level 2 data [Conventional harmonics (CSR, GFZ, IPL) ]

Land- Ocean- . . ..
L] e Decorrelation filter (destriping)
:z C,5 Substitution: SLR SL;:ZgEata
Level 2 A
to - O - T
Level 3 b
-~ O - T
filter —
modules ‘I Restore de-alias model: GAD INPUT:
& AOD1B de-alias model
P
wrapper ‘I Spatial smoothing: Gaussian 300km
[P A
\ J ll Land-Ocean boundary correction
L T e
Convert geo-located grid to surface mass load Synthesis / gridding > CSR archive
_— ==
* N ([ PO.DAAC archive
OUT: Y Output: 4 -
] e ——
Level 3 data Gridded Level 3 data (monthly) ;
L > GFZ archive

Figure 2. Flowchart and overview of GRACE and GRAEP Level3 sequential processing
steps for conventional Lev@l spherical harmonic sdions.The land and ocean grids are
processed with different filters that are tuned to best filter out noise while preserving real
geophysical signals.

3.3.2 Decorrelation filter (destriping)

Unconstrained monthly GRACE and GRAE® Level2 solutions contain errors that arise

from both random measurement errors as well as from correlated noise. The presence of

correlated error in GRACE and GRAGHD data manifests itself mostly as Ne8huth stipes

due to a lack in observability in the plane o
of which are empirical, exist to remove this correlated error (e.g., Duan et al., 2009; Chambers

and Bonin, 2012). The filter used in Lex@ GRACEand GRACEFO data processing to remove
correlated error uses a destriping technique, based on appeseibed byswenson and Wahr

(2006), but adapted to more recent data releases.

3.3.3 Spherical Harmonic Coefficient C2,0 Substitution

In contrast talegreeone coefficients, highesrder degrees (degi@®) are directly observed by
GRACE and GRACH-0O. However, it has been noted that some-+wagelength, lowdegree

geoid field coefficients from GRACE and GRAG can be noisy. In particular, the sphakic
harmonic coefficienCxo (degree 2 and order 0) from GRACE and GRABE Level2 monthly
solutions contains errors. SateHitaserRanging (SLR), on the other hand, currently provides
more accurate measurements of the monthly variations @httemefficient (Cheng et al.,

2013). ThereforeCyo coefficients are replaced with the solutions from SLR (Cheng et al., 2011),
which are processed with GRACE and GRAE& compatible background models.
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For more information o2 substitution with SLR and2] see the technical note TN
11 C20_SLR, which contains the Lex&egravity fieldcompatible Go coefficients and links to
relevant documentation (ftp://podaac.jpl.nasa.gov/allData/grace/docs/).

3.3.4 Geocenter correction

The GRACE and GRACEO satelies measure gravity changes in
(CM) reference frame. By definition, the combined solid Earth and all surface mass changes

yield spherical harmonic degreae (referred to as geocenter) Stokes coefficients equal to zero
relative tothe center of mass, and GRACE and GRARE measurements alone cannot recover

the degreene coefficients directly. However, the omission of spherical harmonic degese
coefficients can introduce significant biases in particular for seasonal surfaceamassns as

well as bias trends that arise when evaluating mass transport in the center of figure (i.e., relative
to the solid Earth).

Because of their physical meaning, time changes in degree 1 coefficients can be expressed in
several equivalent forms

1. As distances in mm betweéme center of masandthe center of figuralong the Z
(axis of rotation), X and Y axes;

2. As fully normalized coefficients of the geopotential,

3. As the changes in mass (per unit area) that would give rise to the geopotential
coefficients, expressed either in kg/or equivalent water height.

GRACE and GRACH-0 cannot retrieve spherical harmonic coefficients of degree 1
proportional to the position of the Earth's geocenter relative to anfeathreference frame.
GRACE andGRACE-FO Level3 processing uses an estimate of these coefficients based on
Swenson et al. (2008), a method that uses both higher order gravity estimates and the forward
modeled geocenter contributions assuming the ocean contribution is known (e,g.nfomtala
GRACE and GRACH-0O geocenter coefficients computed in this manner are available at
ftp://podaac.jpl.nasa.gov/allData/tellus/L2/degree_1/. These coefficients are expressed in the
form (2) above.

3.3.5 Glacial Isostatic Adjustment

Some changes in gravity are caused by mass redistribution in the 'solid' Earth, including those
due to glacial isostatic adjustment (GIA) of the lithosphere and mantle, which occur due to
lithospheric viscousdjustment from the glacial loading of the last age. In those cases, the
interpretation of the gravity changes in terms of equivalent water thickness are not correct. The
standard LeveB GRACETellus mass grids have had a GIA model of secular trends removed, in
terms of (apparent) mass change.é\ibiat different GIA models exist and are frequently

updated.

3.3.6 Land and Ocean Baiasing Models
High frequency variations in the Earth's gravity field caused by both the atmosphere and the
ocean at suimonthly (hourly to few days and weeks) periadsuld alias into the monthly
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gravity data due to insufficient sampling, and thus need to be corrected. The process of removing
these high frequency var ialtiioosnisngvid h model s i

The mass of the atmosphere is removed during L2petcessing using atmospheric pressure

fields from the Integrated Forecasting System (IFS / ECMWEF). As a result, the GRACE Tellus
surface mass grids do not contain atmospheric mass variability over land or continental ice areas
like Greenland and Antarctica @t for errors in ECMWF.

To avoid spatial and temporal aliasing of snbnthly ocean mass changes (including tides),

ocean mass changes are also forwaatieled and removed during the Le2eGRACE

processing. The ocean model removes high frequench@siiy to submonthly) wind and
pressuredriven ocean motions that might otherwise alias into the monthly gravity solutions. The
resulting monthly GRACE/GRACEO gravity fields effectively represent corrections to the

ocean model. To use the data overdbeans, the GRACE Tellus ocean bottom pressure fields
include the monthly averaged ocean model grids added back to the gravity coefficients (for more
information, see Chambers and Bonin, 2012).

Details on the dealiasing GRACE and GRAEG AOD1B productss well as on the precursor
releases can be found in the GRACE AOD1B Product Description Doc(Rietthner et a.
2015).

3.3.7 Spatial smoothing

While a significant amount of correlated errors can be removed with tberdsation filter, an
additiona filter step is often employed to reduce remaining noise. This reduction can be
achieved by applying a spatial smoothing filter. A simple isotropic Gaussian filter can be
formulated in the spherical harmonic domain as (e.g., Chambers 2006). The smatiisds
300 km for land grids, and 500km for ocean grids.

3.3.8 Spatial Leakage Correction

Due to the limited spatial resolution of GRACE and GRAKE, the signal separation along

land-ocean boundaries is also limited. Large signals that actuallyoceue r | and can 061 ¢
the adjacent ocean areas and give the false appearance of large ocean bottom pressure changes
while in reality these signals actually occur over land (e.g., Chambers and Bonin, 2012). An
iterative sol ut i ogignalsandanprove the l@utearhsenalseparatibne d 6

was first proposed by Wabhr et al., (1998), and has since been improved auohditidoy

Chambers and Bonin (2012)he leakageorrection is applied only to the ocean grids. In

principle itgoesbothewy s (i .e., ocean signals 6l eakingdé o
typically significantlysmaller than land signals, the ocdadand leakage is (mostly) negligible.
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4. SCIENCE DATA CALIBRATION AND VALIDATION

Unlike most NASA Earth Observing missions, it is not possible for GRACE and GRATE

science measurements to be directly calibrated to ground measurements. For example, missions
that measure specific regions in the electromagnetic spectrum use a radioncatioration,

there is no equivalent instrument to calibrate the graeiigted range rate measurements.

However, there are a few methods to validate GRACE and GRATEevel3 data products.

The first approach involves comparing the data agaidsipendent proxy data. The second
approach uses a Anull testodo or fquiet regiono
harnesses a priori information from known mass variations, which can be obtained with radar
altimetry measures of large water bodiesh as lakes or reservoirs (Table 1).

Validation

Over land / |l ake |l evel; 6équietd desert r

inland lakes

Over oceans bottom pressure recorders (B
noise floor

Table 1 The main techniques or quantities that can be used to validate GRACE and GRACE
observations. The approaches to validate GRACE data can be broken into categories based on
whether the data product covers land, ocean oritzand

4.1 Validation with ocean bottom pressure recorders

Ocean bottom pressure recorders (BPRs) can be used as a proxy for direct comparison with
Level3 GRACE and GRACH-O data. BPRs measure the mass of the overlying water column

plus that of the atmosphenalidation with independent BPR measurements give some

indication of the quality of the available GRACE estimates, although the sparseness of the
available BPR sites limits the generality of conclusions. The BPR data variance can be

associated with shedcale, localized effects, which may not be fully resolved in relatively

coarse resolution estimates provided by GRACE and GRRGEAnN effective way to

overcome the issues caused by the difference in spatial resolutions between BPRs and GRACE is
to averageut the effects of eddies from multiple BPRs when such array data is available.

For instance, Morrison et al. (2007) compare Arctic BPR measurements from two instruments in
about 4,250 m depth with GRACE. The study shows differences of 3.10 cm RMS aidlirty

month time scales, with higher agreement at monthly teasuial timescales. Some of the
difference is likely due to comparing the Arctic BPR measurements point measurements with the
inherent spatial averages of the satetiibservations. Thissue can be addressed by averaging

the BPR measurements across locations.

Another challenge in using BPRs to validate GRACE and GRROESolutions arises because

of the relatively small signal of bottom pressure variati®esaltaFerriz et al. (2014) fid that

even with optimizing GRACE solutions to reduce leakage from major glacial melt regions of
their study area (Greenland, Iceland, and Svalbard), the amplitude of the hydrologic signals from
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the terrestrial Arctic watersheds (Ob, Yenisey, Pechorg,atlarger than the ocean gravity
change, and thus may leak into the oceanic signals measured by GRAGRACEFO.

4.2 Validation with the null test

The second approach for validating GRACEand GRACB dat a i nvolves using
which GRACE and GRACHO time series are examined over regions of known small or zero

water movement. Any detected mass movement in these regions can be atwiboisd.t

Because of its large scale, the Sahara desert is one of the best possible candidates to conduct a
null test experimenBoy et al. (2012) conduct a null test validation experiment over the Sahara

and Libya desertsTheyestimate thathe errors b GRACE continental water storage are about

10 to 20mm over their study aregOn the other hand, even in very dry regions like these there

may be longterm changes due to aquifer and groundwater changes that are real signals, and
therefore care shouldtea k en t o asisgmal @ ©degir on.

4.3 Validation with known mass variations

A third way to validate GRACE and GRAGED solutions is to compare mass estimates with
known mass variations. As a result of several decades of radar altimetry, watevdreatedns

of major lakes and reservoirs are monitored with a precision of a few centimeters. These induced
volume variations should be equivalent to the mass variations as retrieved by GRACE and
GRACEFO, if thermal expansion is neglected (or otherwismanted for).

Longuevergne et al. (2013) use a priori information on reservoir storage from radar altimetry and
conduct an analysis testing effects of location and areal extent of reservoirs within a basin on
basinwide average water storage change#) application to the lower Nile (Lake Nasser) and
Tigris-Euphrates basins as examples. Findings suggest that the impact of the concentrated mass
on water storage changes depends on the location and areal extent of the reservoirs, the basin
area, and GRACRrocessing. Forward modeling shows that if reservoir storage is assumed to be
uniformly distributed, then the result may be an underestimation (when near the basin center) or
overestimation (near the basin margin) by up to a factor of 2, depending voirdseation

and areal extent. In addition, mass changes outside a basin of interest may contribute
significantly because of leakage into the basin.

As findings from Longuevergne et al. (2013) and others suggest, GRACE and GRACE

estimates in regionsith lakes and reservoirs require careful interpretation because of the
significant storage volumes, small spatial footprint (often unresolved by GRACE and GRACE

FO) and relatively short time response (compared to groundwater), especially when attempting

to separate changes in GWS in agricultural regions where both surface and groundwater are used
conjunctively.
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5. LEVEL-3 DATA PRODUCTS

5.1 Known Uncertainties & Sources of Error

5.1.1. Level2 Data Processing Errors

All Level-3 GRACE and GRACH-O dat have errors and uncertainties inherited from the
satellitelevel measurements and Lex&processing. The background gravity model used for
Level 2 data processing contains errors of omission, as well as errors of commission.

The collection of background models is used in GRACE and GRARGEevel2 data

processing to make a prediction of the observable range change or its derivatives. The difference
between the observed and predicted values of the measurements is the velsicluaixists

because of the errors of omission and commission, in addition to the measurement errors and
model deficiencies or incompleteness. The background gravity model errors may be expected to
have continual spatidémporal variability. An update the background gravity model is

computed such that the measurement residuals are minimized in theyigasts senseand

this update may be regarded as the new gravity information available from GRACE and GRCE
FO. In the science data processing, antlest elementary level, this update to the geopotential is
parametrized, for a selected data span, as a set of constant corrections to the spherical harmonic
coefficients of the geopotential, to a specified maximum degree and order.

5.1.2 Correlated Error Spatial Smoothing and Leakage Error

The uncertainty of gridded Lev8lsurface mass change products is a function of both
measurement errors as well as signal leakage errors (Landerer and Swenson, 2012).
Measurement errors include systematic and randoonse which are reduced by applying the
de-correlation and Gaussian smoothing filters, respectively.

While destriping and smoothing filters are typically successful in removing the correlated error,
they have also been shown to remove real geophysgirells from the data which mimic the
North-South striping pattern of the error. To compensate for this, a global set of gain factors
(limited to continental hydrology applications) has been developed (Landerer and Swenson,
2012) to restore signal amplituslehich were removed in the filtering process. However, these

gain factors can potentially introduce biases in frequency bands outside the annual component, in
particular for longer term trends. In those cases, kapetific gain factors are necessary

(Landerer and Swenson, 2012; Rodell et al., 2009).

5.1.3 Glacial Isostatic Adjustment

GIA is not actually an error in GRACE and GRAEP® data; in fact, GIA is a signal of great
scientific interest in itself, as GRACE observations have provided new ancantonate

estimates of GIA models, and have led to refinements dba histories. However, the GIA
corrections add some uncertainty for estimated surface mass trends over the GRACE period; a
canonical uncertainty range of up to 20 percent is oftemeestor GIA models.

5.1.4 Earthquakes
Large earthquakesan cause sufficient displacements of the Earth's lithosphere to generate a
change in Earth's gravity field that GRACE measures. Some examples itnedustethquakes
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off the West Coast of NortheBumatra (Indonesia) on December 24, 2004; Northern Sumatra
on March 25, 2005; Southern Sumatra on September 12, 2007; offshore Maule, Chile on
February 27, 2010; and near the East Coast of Honshloldku, Japan on March 11, 2011

All the earthquakes entioned abovedd magnitudes of 8.5 or higher

As with GIA, earthquakeelated changes in gravity would bias the derived 'equivalent water
thicknesslf not properly accounted foWhile a GIA model is used to 'correct' the GRACE and
GRACEFO data, sigria from large earthquakes are currently not removed from the GRACE
and GRACEFO data. Users should therefore be wary of signals in the vicinity of large
earthquakes. A user can remove the signal due to an earthquake following the approach of de
Linage et & (2009); see their equation 3.

5.1.5 Atmosphere and Ocean fadiasing Models

The removal of atmospheric effects in GRAEE data takes advantage of the output of

numerical weather modelling and forecasting analysis groups around the world, including the
National Centers for Environmental Prediction (NCEP, United States) and the European Center
for Medium Range Weather Forecasting (ECMW). These groups assimilate in situ observations,
including barometers, and produce pressure maps every 6 hours. Aobtiisiguality of these
pressure fields by Velicogna and Wahr (1999) indicate that they are generally of sufficient

guality to remove pressure effects at the level of less than 1 mbar (or even 0.5 mbar or less for 30
day averages) in most regions.

Errors in dealiasing models related to model drifts and changes can introduce biases GRACE
estimates of mass change within basins. For instance, Hardy et al., (2017) show that over
Antarctica, errors in AOD1BRelease 05RL05) spuriously mask acceleratiommass loss on

the order of 4 Gt yt. Over Greenland, atmospheric errors are a major noise source and introduce
a spurious trend of up to 2 GtyrThe released AOD1B RL06 mitigates some of these errors

using a higher spatial resolution, more accurgtet models, and better control of modéknge
biases.

5.1.6 Ocean Bottom Pressure

The uncertainty of the GRACE and GRAEE-derived ocean bottom pressure (OBP) values

can be estimated with a variety of methods. For OBP values derived from Rile@$®4)

GRACE coefficients, uncertainty has been estimated to be between 2 and 3-omeaastuare
(RMS) depending on the type of processing, based on comparison tastegitted altimetry
(Chambers, 2006; Chambers and Willis, 2010), output from an ocedel (Ponte et al., 2007;
Quinn and Ponte, 2010), or bottom pressure recorders (Morison et al., 2007; Park et al., 2008).

Chambers & Bonin (2012) conduct a validation of RLO5 GRA{&Eved OBP estimates and

focus attention on the deep ocean becaus®RBB variations are longer wavelength and more
resolvable by GRACE, and (2) quantifying accurate statistics for the deeper ocean areas avoids
biases from higher errors near the coast.

To conduct the OBP validation, Chambers & Bonin (2012) use a genegal otculation model
that is a version of the MIT general circulation model (Marshall et al., 1997) and is run at JPL as
part of the Estimating the Circulation and Climatehe Ocean (ECCO) consortiuffihe version
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of JPL ECCO used in the study is a lwhirac model forced by winds, pressure, and heat and
freshwater fluxes from the National Center for Environmental Prediction (NCEP) operational
analyzes products and also assimilates satellite altimetry.

Chambers & Bonin (2012) subtracted JPL ECCO OBPsniapsmoothed) from the destriped

and 300 km smoothed GRACE OBP maps and computed the standard deviation of the residuals.
Results indicate that the standard deviation of residuals is generally less than 2 cm throughout
the ocean, and often less than Inb(a significant improvement from RL0O4 residuals, where the
standard deviation is generally greater than 2 cm, and often more than 3 cm). The standard error
for GRACE-derived OBP was about 1 cm equivalent water thickness (EWT) in theuhmv
midlatitudesand between 1.5 and 2 cm in the polar and subpolar oceans.

5.1.7 Terrestrial Water Storage

Estimates of terrestrial water storage (TWS) variations suffer from signal degradation due to
measurement errors and noise, which are manifested as both rammdmsrthat increase as a

function of spherical harmonic spectral degree (Wahr et al., 2006), and systematic errors that are
correlated within a particular spectral order (Swenson and Wahr, 2006). Landerer & Swenson
(2012) use simulations of terrestrialterastorage variations from ladydrology models to infer
relationships between regional time series representing different spatial scales. These
relationships, which are independent of the actual GRACE data, are used to extrapolate the
GRACE TWS estimatefrom their effective spatial resolution (length scales of a few hundred
kilometers) to finer spatial scale®X00 km). Three scaling relationships are examined: a single
gain factor based on regionally averaged time series, spatially distributedrifgedy gain

factors based on time series at each grid point, and gAgaladactors estimated as a function

of temporal frequency. While regional gain factors have typically been used in previously
published studies, Landerer & Swenson (2012) finddbatparable accuracies can be obtained

from scaled time series based on gridded gain factors. In regions where different temporal modes
of TWS variability have significantly different spatial scales, gain factors based on the first two
methods may reducedtaccuracy of the scaled time series. In these cases, gain factors estimated
separately as a function of frequency may be necessary to achieve accurate results. The study
provides gridded fields of leakage and GRACE measurement errors that allow usérsdtee

the associated regional TWS uncertainfidse resulting measurement errors typically showed a
latitudinal dependence, with highest values near the equator (standard deviation of up to 35 mm),
and decreasing towards the poles (standard deviatib® imim).

5.1.8 Mascon Uncertainty

Mascon uncertainty estimates are provided on a 0.5 degree grid in latitude and longitude. Note
that the uncertainties provided are uncertainties associated with each mascon estimate,
represented on this (oversampled¥igFor 3-degeemascons, there are 4,551 independent
estimates of uncertainty represented on this grid. This is not the uncertainty associated with a
single 0.5 degree pixel, which would be much higher.

To derive the uncertainty estimates, the formabc@ance matrix over the ocean is scaled to
match the error seen when comparing the GRACE datasituimcean bottom pressure data.
Over quiet areas in the ocean, this amounts to approximately 1 cm of uncertainty per mascon.



GRACE L -3 Product User Handbool NASA-JPL
GRACE D-103133 202607-09 Pagelg§ of §

Over land, the formal undaiinty is scaled by 2, and roughly matches uncertainty estimates
derived using methods described in Wahr et al., (2006). The provided estimates of uncertainty
are regarded to be conservative. Since we implement a Kalman filter in the solution process to
link adjacent months together temporally, monthly solutions both at the very beginning and end
of the time series have slightly larger uncertainties than monthly solutions in the middle of the
time series. A more detailed description is found in Wiese €Gl6).

5.3.9 Months with Lower Accuracy

Users need to be aware that the monthly grids have higher errors when the orbit is near exact
repeat, which leads to degraded gravity field estimates. Such months include July to December
2004, and Jan & Feb 201Another source of larger errors is a gap of data (several hours to
several days) in a few months.

Towards the end of the GRACE data record, several months contain accelerometer
measurements from only a singl eamssapgleddti& es o If wt
have been computed, which show degraded data quality with higher noise. These months are
11/2016, 12/2016, 01/2017, 03/2017, 04/2017, 06/2017.

5.3.10 Data Gaps in GRACE starting in 2011

Active battery management started in 2011 dubeaging batteries on the GRACE satellites.
During certain orbit periods over several consecutive weeks, no ranging data were collected and
hence no gravity fields could be computed. These gaps occur approximately-évagndhs,

andlast for 45 weekgqFigure 3).
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Figure 3. This plot shows data gaps in GRACE; active battery management started in 2011 due
to the aging batteries on the GRACE satellites and led to periodic, recurring gaps-évery 5
months.
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5.2 Mascon vs. Spherical Harmonics Comparison: Which Should | Use?
In general, users are encouraged to use the current gridded mascon data for several main reasons:

1 Unlike the unconstrained spherical harmonic solutions, the constrained mascon solutions
derived from geophysical models do not need to be destriped or smoothed and suffer less
from leakage errors than harmonic solutions. For instance, Ocean bottom pressure (OBP)
time series derived from the mascon solutions reduce the Root Mean Squareterror w
respect to in situ data: Watkins et al. (2015) show a reduction of 0.37 cm globally, and as
much as 1 cm regionally.

1 The mascon approach allows a better separation of land and ocean signals with the
coastline resolution improvement (CRI) filter coupleith the application of state of the
art gain factors.

1 Computing basin averages for hydrology applications shows general agreement between
harmonic and mascon solutions for large basins; however, mascon solutions typically
have greater resolution for srilspatial regions, in particular when studying secular
signals.

1 The data processed from the spherical harmonic L2dalta are not directly suited to
accurately quantify ice mass changes over Greenland or Antarctica, or glaciers and ice
caps. These r@&ons require regiospecific averaging kernels, as well as proper treatment
of signal contamination from nearby land hydrology and adjusted GIA effects (see Jacob
et al., 2012 for a thorough discussion of these aspects).

A caveat of the mascons is thaisinot straightforward to quantify potential signal biases that

could occur due to the addition of the a priori information. Watkins et al. (2015) note, however,
that it is also difycult to quantify the exac
applying empirical post processing algorithms to remove correlated errors in the spherical

harmonic gravity solution®erivedgainfactors are merely a good proxy for this and have

considerable spatial variability.

Although improvements can be madehe details of the implementation of the mascon

solutions, such as including deterministic geophysical processes (such as trends and annual
signals) as state parameters and using smalle
spatial constraintghe introduction of credible statistical geophysical informati@ither from

models or from independent observatidrie condition the gravity solution is ultimately

preferable to relying on empirical ad hoc post processing techniques to remove corredesed e
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6. FEATURED GRACE AND GRACH-O SCIENCE AND
APPLICATIONS

6.1 2017ESASDecadal Survey Priorities

TheNational Research Council (NRC), led by the Space Studies Board in collaboration with
other Earth Science related boards across the NRC, oedathiz 2017 Decadal Survey for Earth
Scierce and Applications from Spa(ESAS 2017)which aimed to generate consensus
recommendations from the environmental monitoring and Earth science and applications
community on an integrated and sustainable appoach t he conduct of the U.
civilian spacebased Eartlsystem science programs. These programs are carried out
predominantly by the National Aeronautics and Space Administration (NASA), the National
Oceanic and Atmospheric Administration (NOA/ANd the United State Geological Survey
(USGS), with supporting and complementary contributions from agencies including the National
Science Foundation (NSF), Department of Agriculture (USDA), Department of Energy (DoE),
and Department of Defense (DoD).

ESAS 2017resents prioritized list of todevel science and application objectives to guide
spacebasedEarth observationgrom among hundreds suggested, ESAS 2@tiveses 35 key
science andpplications questiontlses ofGRACE andGRACEFO data span all six categories
that the35 most important science and applicatigpgstiondall into:

A Coupling of the Water and Energy Cycles
A Ecosystem Change

A Extending & Improving Weather and Air Qu
A  SevelRise

AReducing Climate Uncertainty & Informing Societal Response

A Surface Dynamics, Geological Hazards and

Sections.2 through6.10illustrate key GRACEand GRACEFO science and applicationgach
of the featured advancements made in science and applications with GRACGERACEFO
dataconnects with one or more tife six priority categoriethe ESAS 201 #eportshighlights.

6.2 Groundwater

A key application of GRACH-O data is in groundwatemonitoring. As climate change

continues to exacerbate drought conditions, reliance on groundwater for agricultural and other
uses increases globally. Therefore, obtaining data that can track changes in groundwater levels
plays a critical role in informingocietal response to climate uncertainty and water scarcity, in
particular in regions where groundwater supplies the bulk of the water required for irrigation.

For instance, Rodell et al. (2009) assess-kengn groundwater storage variation in the

Northwest India region using an extended record of GRACE-tiar&ble gravity solutions as

well as simulated secilvater variations from the Global Land Data Assimilation System. Their
findings indicate that groundwater was being depleted at a mean rate af4.3.kn? per year

over the Indian states of Rajasthan, Punjab and Haryana. During the study period of August 2002
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to October 2008, groundwater depletion was equivalent to a net loss of 109 Water, which
i s doubl e the capaacewaterresefvoirl ndi ads | argest sur

Another example of the use of GRACE data for groundwater monitoring arises in a study
conducted by Igbal et al. (2016) over Pakistan. Like other agrarian countries, Pakistan is heavily
dependent on its groundwater resources to meatrigated agricultural water demand. Igbal et

al. (2016) evaluate the potential of GRACE TWS data of changes in groundwater storage as a
costeffective approach for groundwater monitoring and sustainable water management in the
Indus basin. The GRACE dafrom 2003 to 2010 were analyzed as total water storage

variations. The VIC (variable infiltration capacity) hydrological megeherated soil moisture

and surface runoff were used for the separation of TWS into groundwater storage anomalies. The
GRACEbased groundwater storage anomalies are found to agree with trends inferred-from in
situ ground data. A general depletion trend is observed in Upper Indus Plain where groundwater
is declining at a mean rate of about 13.5 mm per year in equivalent heighteofduring 2003

2010. A total loss of about 11.82 Riper year fresh groundwater stock is inferred for Upper

Indus Plain. Based on total water storage variations and ground knowledge, the two southern
river plains, Bari and Rechna are found to be undeattof extensive groundwater depletion.

Igbal et al. (2016) find that the GRAG#Ased estimation of groundwater storage changes is

skillful enough to provide monthly updates on the trend of the groundwater storage changes for
resource managers and poliogkers of Indus basin.

6.3 Flood Potential

Another application of TWS anomalies is in assessing flood potential (Reager et al. 2014). TWS
anomalies indicate the total change in water content of a watershed. If a watershed already stores
more waterthai nor mal 0, this increases the | ikelihoooct
flood. GRACE and GRACH-O help show how total water storage impacts the predisposition of

a region to flooding, which can ultimately result in longer lead times in flood warrings

example, Reager et al. (2014) use a case study of the catastrophic 2011 Missouri River floods to
establish a relationship between river discharge, as measured by gauge stations, -avidébasin

water storage, as measured remotely by GRACE. They staivihe inclusion of GRACBased

total water storage information allows us to assess the predisposition of a river basin to flooding
as much asi@1 months in advance.

6.4 Drought Monitoring

As part of an effort to create a more comprehensive andobjeet | denti ycati on of
conditions in North America, GRAGRased drought indicators were developed. This involved
integrating spatially, temporally, and vertically disaggregated GRACE terrestrial water storage
(TWS) data into the U.S. and North AmenicDrought Monitors (Houborg et al., 2012). TWS

comprises the sum of the five major components of the terrestrial hydrologic cycle: groundwater,

soil moisture, surface waters, snow and ice. Previously, the drought monitors lacked objective
information on @ep soil moisture and groundwater conditions, which are useful indicators of

drought. Extensive data sets of groundwater storage from U.S. Geological Survey monitoring

wells and soil moisture from the Soil Climate Analysis Network were used to assess

improvements in the hydrological modeling skill resulting from the assimilation of GRACE

TWS data. The results point toward modest, b u
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hydrological modeling skill across major parts of the United States, highlggtite potential
valueofaGRACEassi mi | at ed water storage yeld for i m
assimilation has also been demonstrated to increase correlation between TWS estimates and

gauged river flow, indicating that data assimilation has demnable potential to downscale

GRACE TWS data for hydrological applications (Zaitchik et al., 2008).

6.5 Ice Mass Change

GRACE plays a critical role in measuring total letegm ice mass variations. Velicogna et al.

(2006) determined mass variationglod Antarctic ice sheet from 2002005, and found that the

mass of the ice sheet decreased significantly, at a rate of 152 + 80 cubic kilometers of ice per
year, which is equivalent to 0.4 + 0.2 millimeters of global sea kseper year. Most of this

mass loss came from the West Antarctic Ice Sheet. Velicogna et al. (2014) use GRACE to
determine the regional acceleration in ice mass loss in Greenland and Antarctica f@02303

and find that the total mass loss is controlled by only a few regiongebn@nd, the southeast

and northwest generate 70% of the loss (280+£58 Gt/yr) mostly from ice dynamics, the southwest
accounts for 54% of the total in loss (25.4+1.2 Gt/yr) from a decrease in surface mass balance,
followed by the northwest (34%), with ngsificant acceleration in the northeast. In Antarctica,

the Amundsen Sea sector and the Antarctic Peninsula account for 64% and 17%, respectively, of
the total loss (180+10 Gt/yr), which Velicogna et al. (2014) attribute mainly to ice dynamics.

6.6 Global and Regional Sea Levgudget

The causes and implications of letegm global sed.evelrise have been well established in

scientific literature (IPCClimate Change 20)3Sealeveltrise is caused by a comlation of
freshwater increaseduetotimne | t i ng of | and ice and fther mal
warming ocean temperaturedince 2003, ocean temperatdegafor depths above 2,000 m have
become available on a regular basis with the advent of the Argo array of profiling floats.
Measurenents from ships provide observations from earlier periods but are mostly limited to
depths above 700 m. The ocean layers above 700 m and 2,000 m represent only 20% and 50%,
respectively, of the total ocean volutdevel et al. (2015)

Combining observains of sea level from altimeters with GRACE observations of ocean mass

change provides a new constraint on the rate of thermal expansion in the global ocean, and hence
on ocean heat content change, which enable a more complete estimation of the glabadisea

budget. For instance, Llovel et al. (2015) found that the-deepn (below 2000m) for the 2005

2013 period had not shown large warming and thus sea-teveé nds, but ©0h3 unce

+0.72 mm yflto global sed_evetrise and 0.08+ 0.43W m 2t 0 Earthos ener gy |
fairly large due to trend uncertainties in geocenter and GIA estimates, in particular. However, a
similar sea Levebudget approach (altimetry minus GRACE and upper ocean steric signals) on a

more regional Levein the South Pacific revealed a clear deep (below 2000m) ocean warming

signal (Volkov et al., 2016).

6.7 Global Water Cycle Effects on Sea Level

GRACE data has also been used to understand how the internal variability of the global water
cycle contributes to sdavel variations. Hamlington et al. (2017) quantify the contribution of
TWS variability to sea level variability on decadal timescales. They find that decadal sea level
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variability centered in the Pacific Ocean is closely tied to low frequency variafilitv's in
key areas across the globe.

Reager et al. (2016) combine GRACE data with estimates of mass loss by glaciers to estimate
groundwater's impact on séavel changeResults showethat between 2002 and 2014, climate
driven variability in precipitation resulted in an additional 3200 + 900 gigatons of water being
stored on land, which caused net groundwater storage to increase. This gain slowed the rate of
sea level rise by 0.71 +2D millimeters per year.

Although the rise of the global ocean has been remarkably steady for most of this time, between
early 2010 and summer 2011, global sea level fell sharply, by about half a centimeter. Using data
from GRACE, Boening et al. (2012)®hed that the drop was caused by the very strong La Nifia
that began in late 2010. This periodic Pacific Ocean climate phenomenon changed rainfall
patterns all over our planet, temporarily moving large amounts of water from the ocean to the
continents, prirarily to Australia (see Fasullo et al., 2013), northern South America and

Southeast Asia. The 2011 dip did not last for very long: by26itR, global mean sea level not

only recovered from the 5 mm it dropped in 2a10 it resumed its lorgerm mean anral rise

of 3.2 mm per year.

6.8 Glacial Isostatic Adjustment

The measurement of glacial isostatic adjustment (GIA) is one of the key ways in which scientists
can study the Earthés mant | e historiesetidegaugetdtar vy, gl
and space terrestrial geodetic measurements. When coupled with other space and terrestrial
geodetic measurements, such as GPS networks and withd@cdiile terrestrial gravity data,

GRACE data provide new constraints on GIA and illuminate new intetpres of icesheet

history and mantle response.

6.9 Earthquakes

GRACE and GRACH-O data enable the observation of coseismic and postsegjsmitational

changes that occur due to earthquakes with magnitude larger than about 7.5 on the Richter scale.
Even at this magnitude, however, the spatial resolution of GRACE and GRAdits the

direct resolution of the full signature of earthquat&sn and Okubo 2004; De Linage et al.,

2009). The 2004 Sumatrandaman earthquake is one of the biggest earthquakes ever recorded,
with estimates of its magnitude ranging between 9.1 and 9.3. GRACE detected the coseismic and
postseismic gravity signaturé the earthquake. However, the postseismic signature has a

spectral content closer to the GRACE bandwidth than the coseismic signature. De Linage et al.
(2009) observe a mulliear postseismic relaxation consisting of a lesgale positive gravity
anomalyextending over 15° of latitude along the subduction area. Information on the
postseismic relaxation is valuable in order t
upper mantle.

6.10 Weather Forecasts

In recent years atmospheric soundiggpacebased GPS radio occultatibas emerged as a
powerful and relatively inexpensive approach for sounding the global atmosphere with high
precision, accuracy, and vertical resolution in all weather and over both land and&@ié8an.
occultationis congdered a valuable data source for numerical weather prediction and climate
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change studie§SRACE has been used to produce this data with the radio occultation technique,
which makes use of the radio signals transmitted by dedicated GPS receivers onbd@il GR
GRACEFO continues the radio occultation measurements of atmospheric temperature and
humidity profiles for use by weather service agencies.

/. LEVEL-3 DATA ACCESS, USER GUIDELINES, AND
USE CASES

7.1 Data Description

Table 2 summarizes key informatiabout GRACH-O data, including information on the
satellitesd o0-8daiaspatialsesolutoh, tem@omal relsatutioa &nd latency.
GRACE level3 data products are delivered in several data formats to accommodate a range of
user needs. Thefmats arenetcdf, ascii, geotiffland only).

Each monthly GRACE Tellus grid represents the surface mass deviation for that month relative
to a baselinéemporalaveraggmost often 200£009) For comparisons against other data or
models, it is critical that anomalies relative to the same-tivegage are compared. This is

simple to do: for example, if the new baseline is 22086, average the data over 1/2004 to
12/2006 for all grid pointsand subtract this average grid from all other monthly grids. Please
check the Frequently Asked Questions section of the GRACE Tellus wedzgteling other
guestions about the tirmaean field(seehttps://grace.jpl.nasa.gov/about/fag/

The mascon dataeprovided with a spatial sampling of 0.5 degrees in both latitude and

longitude (approx. 56 km at the equator). This differs from the spherical harmonic solutions,

which are provided with a spatial sampling of 1 degree in latitude and longitude. Tdre fiaras

the difference is that the mascons have boundaries that lie on Parallels of approx. 0.5 degree
increments. Although the grid is sampled at 0.5 degree resolution, it does not mean that two
neighboring cell s ar e 0ihedadvp esoldtiemidtite sirefofaeach o
single mascon, whicis 3 degrees (equal area) in size. The most accurate interpretation of the

JPL mascon data would be obtained by summing over entire mascons using the mascon

placement file (ftp://podaac.jpl.nasavgaliData/tellus/L3/mascon/RL0O5/JPL/CRI/netcdf/).

The units of the data and error grids are Liquid_Water_Equivalent_Thicknessteror
centimete); gain factorgscale factorsare dimensionless and tiargvariant.

The grids have 720 longitude poir@25, 0.75, 1.25, ..., 359.75), and 360 latitude points (
89.75,-89.25, ..., 89.25, 89.75).

Presently, we provide GRACEellus data from the most recent GRACE gravity fields: Release

06 from CSR, JPL and GFZ. The Lex@bpherical harmonics are used as inputs to Le\est
processing steps. The spatial sampling of all grids is 1 degree itabtattie and longitude

(approx. 111 km at the equator). However, this does not mean that two neighboring grid cells are
'independent’ because (1) tetualspatialresolutionof GRACE and GRACH-Ois about 330

km (Table 2) and (2) because spatial smoanthhas been applied. Aoredetailed description of
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the data processing, gain factor derivation and caveats is available in Landerer and Swenson
(2012).

Orbit

Type Nearpolar (inclination 89°)
Altitude Approx. 356 km (Jun 2015)
In-orbit distancédbetween GRACE 1 & 2 | Approx. 200 km

Spatial Resolution

Resolution on the ground | Approx. 330 km

Temporal Resolution

Gravity field (Standard) Monthly intervals

Gravity field (QuickLook) Daily updates (over moving
window covering previous 180
days)

Data Collection

Latency (standard) 1-2 months

Latency (QuickLook) 3-5 days

Table 2Overview of Level3 relevant GRACE instrument and science measurement
characteristics & constants used in this document.

The following filename convention is used:

GRD-3 [YYYYDOY -YYYYDOY]_[dddd] [sssss]_[mmmm]_[rrvv] [Realm] [version]
Where:
1 GRD denotes Gridded Product
1 3 denotes a GRACE Lewv8Iproduct
T [YYYYDOY -YYYYDOY] specifies the date range (in year and adyyear format) of the
data used in creating this pradu
1 [dddd] specifies the mission
= GRAC: Gravity Recovery and Climate Experiment
= GRFO: Gravity Recovery and Climate Experiment Follow

1 [sssss]is an institution specific string
= UTCSR: The University of Texas at Austin Center for Space Research
= JPLEM: NASA Jet Propulsion Laboratory
= GFZOP: GFZ German Research Center for Geosciences

1 [mmmm] is a 4character mnemonic used to identify the characteristics of the gravity
solution
The O6dmmmmd -sharaciemnmemorsc used td characterizegti@ity solution.
The first character is used to identify the primary observation type used in the gravity
solution (Note: MWI = Micro Wave Instrument). The second character defines the size of
the spherical harmonic expansion in the file. The third andtl characters are used to
represent other characteristics of the gravity solution, including the type of basis function
used, whether it is an unconstrained or constrained solution, and the type of windowing
function used. For any files that describethaver age of a background
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t he 2nd character i n t he PI D) , only t he
defined/applicable. The 1st, 3rd, and 4th characters are set to be equivalent to the
corresponding gravity solution.

1st Character

= A: MWI range data

= B: MWI rangerate data

= C: MWI rangeacceleration data

2nd Character

= A: 60 x 60 spherical harmonic expansion

= B: 96 x 96 spherical harmonic expansion

= C: 180 x 180 spherical harmonic expansion
= D: 60 x 30 sphericdilarmonic expansion

3rd and 4th Characters
= 01: unconstrained spherical harmonic solution with a boxcar windowing function

1 [rrvv] is a 2digit (leadingzeropadded) release number andigit (leading zeropadded)
version number of underlying Lev& product.
The O6rrvvoe string indicates LZsbletionusedferase (r
generating L3 outputThe release number is tied to a specific set of background force
models, and indicates consistency between solutions across differesions. All
gui ckl ook solutions will be given a releas
the version of the solution under a specific release.

1 [Realm]:
= LND (for land)
= OCN (for ocean)
1 [version]: ID to identify Level3 processing version

In addition to the file header and name, details about the processing steps and parameters are
documented in a chandgeg / README filefor each LeveB data produciSee the Metadata
File in Appendix A for a full description of each item in GRAED Level3 metadata.

7.2 Data Access

After validation, all Level3, Level2 and accompanying Lev&B products are released to the
public through two portals. One is the Physical Oceanography Distributed Active Archive Center
(PO.DAAC) at the Jet Propulsion Laboratory, Pasadena, USA, anrglefrtee Earth

Observing System Data and Information System (EOSDIS), developed by NASA. The other is
the Information System and Data Center (ISDC) at GeoForschungsZentrum (GFZ) Potsdam in
Germany.

As described above, the Lex@brocessing is slightlgiifferent for land and ocean regions, and
therefore these grids are published separately through the JPL/NASA PO.DAAC:
Ocean data: ftp://podaacftp.jpl.nasa.gov/allData/tels/L3/ocean_mass/
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Land data: ftp://podaascftp.jpl.nasa.gov/allData/tellus/L3/land mass/

The monthly estimates are also distributed through ISDC & dlo&orschungsZentrum
Potsdam(GFZ2).

7.3 User Guidelines at a Glance

1) Interpreting Terrestrial Water Storage Anomaly: We assume that changes in the time
varying gravity field represent the movement of water mass over land, though this assumption
should always be validated with giid data if possible. Other signals, such as tectonics, can also
influence the GRACE and GRAGEO measurements. GRACE and GRAEE data represent

the time varying gravity field, not the static gravity field, and as suephave no meawalue

by definition. In other words, GRACE and GRAGED data only represent anomalies with

respect to the mean state (i.e. water stoaagenaly and cannot provide information about the

total (absoluteamount of watestored ag location For consistentomparisasagainst other

data or modelghetemporal mean of each dataset should be computed over a common time
period andsubtracted from the respective time series (as mentioned in section 7.1).

2) Native Spatial resolution GRACE and GRACH-O mass change fieldsin typically resolve
spatial scales down to appiromately330 km. Thisnumber can varglightly with the version

being used and the smoothing that is appdieding postprocessingHowever, he spatial
samplingof the Level3 datais often higherwith grids typically providedn aone degree (~110
km) or halfdegreesampling(~55 km). Thus, users should always keep in minddatt across
neighboringgrid points is highly correlateand essentially a resampling of the same observation
For study areasmaller than appramately 100,000 kn?, the signal to noise ratio may be poor,
and errors (especially frogpatial smoothing ansignal leakagesee sections 3.3.7 and 3)3.8
should be carefully assessed.

3) Non-uniform Temporal Sampling: the GRACE and GRCE-FO gravity fields are solved

for those time periods when enough orbits exist to create a global gravity field solution. This
constraint can lead to namiform temporal discretization of the data products when outages and
breaks occur. Be careful inmparing to other data sets that the GRACE and GRAOKlata
products may not always align with calendar months, and may not be uniformly spaced in time.

4) Error and uncertainty evaluation: Errorestimatesre presented with the GRACE and
GRACEFO data poducts. Errors from two primary sources are calculated for spherical
harmonic solutions: measurement and leakage errors. These errors should be considered, and
care should be taken that these errors can be spatially correlated for regional averagiog (e.g.
a river basin). Procedures and pseuadde for averaging spatiallyorrelated errors are presented
on the GRACE Tellus websit®

5) Available Data products The GRACEand GRACEO fimasconso (e. g. RLO:
the stateof-the-art in the processg of the GRACE and GRAGEO observations to minimize

signal damping and leakage err@@empared t@spherical harmonic solutiopsrhese should be

used when possible, as they generally have the best-signaise ratio, and lower uncertainties

(see Widtins et al., 201%r Scanlon et 312016 for an evaluatignFor the mascon product, a
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coastal resolution improvement (CRI) filter is applied to coastal mascons to reduce land signal
leakage from ocean mascons. For most hydrology, cryospheric, and aegdumogpplications,
the CRI corrected data should be used.

6) Gain-factors: Modelderived gain factor&@lso called scale factoraje provided with the
data. These can be usecetthancehe spatialresolution of the GRACE observations (to 0.5
degrees for mascons, and to 1r@éedor harmoniebased grids)Thesegainfactors are derived
by applying GRACE processing toodel estimates dérrestrial water storage and sdguently
estimating the gain Gor necessary to restore the amplitude of the original model estimates
Because these gain factors rely on spatial information provided by a land surface or hydrological
model,caution should basedin theirinterpretation as these modetgyht have biass and
typically do not include groundwater or humagtivitiesin their simulations. GRACE and
GRACEFO data for groundwater studies or studies of human impadtgdrology may require
additional, customized gain factofihe appropriate use and limitatis of gain factors
discussed further in Landerer and Swenson (28&&) ong et al. (2015)

If each grid node is g(x,y,t) where x is longitude index, y is latitude index, t is time index, and
the gain factor is s(x,y), then the gaiorrected time segsis simply

g'(x,y,t) = g(x,y,t) * s(x,y)

7.4 Data Us€ases

The following use cases provide simple and easy to follow examples of how to use GRACE and
GRACEFO Level3 data. They are designed to be accessible to new and beginner users to
facilitate proper analysis and interpretatidrhis section is a summary ofakeuse cases, and the
stepby-step instructions are presented lateAppendice®\, B, C and D

7.4.1 Water Storage Anomalies Over the Colorado River Basin
Goal: Produce d@me serieand mapof liquid water equivalent thicknessiomalies irthe
Colorado (CO) River Basin.

Approach: In order to get to know GRACEevel3 data before doing any data processing, we
will first explore the data with an online interactive data plotter. Therwieownload the data
and conduct the necessary-precessing to produce a time serieJ efrestrial Water Storage
anomalies of the CO Basanda map for thexample time period afune, 2016.

Summary of Steps(also see Appendix A)
1. Explore GRACH.evel3 Terrestrial Water Storaggnomalies of the CO Basin usitige
interactive online data plotter
2. DownloadLevel3 griddedTerrestrial Water Storage anomalieascos
3. Preprocessingmultiply mascon data bgain factors
4. Create a map and time sergraph of the water storage anomalies in the CO River Basin

Note thatathough this example aims to determine water storage anomalies, GRACE anomalies
can easily be converted to rates. For example, if GRACE observed an anomatyrob2€r a
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given study aga in April and an anomaly of n in March, then the water storage change (i.e.
monthly rate) would be 16m/mo.

Sample Producs

Liquid Water Equivalent Thickness Anomalies

Colorado River Basin, June 2016 [cm]
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7.4.2 Groundwater Storaga the Sacramento / San Joaquin River Basin

Goal: Produce d@me serie®f the Sacrament8an Joaquin river basin in California that shows
groundwater storage anomalfesm 2004 through 2015

Approach: The basic approach to deriving groundwater anomaly estimates involves subtracting
monthly anomalies of hydrologic water storage components, including soil moisture, snow water
equivalent and reservoir storage, from GRACE Terrestrial Water Storage assgrmak

remaining changes in Terrestrial Water Storage can then be interpreted to result from changes in
groundwater storage. However, users need to be aware that by subtracting other observations or
model estimates, the remaining signal then also acctesutarors and uncertainties of those
guantities as well. The approach taken here is similar to Famiglietti et al. (2011).

Summary of Stepg(also see Appendix B)
1. Download the data:

1 GRACELevel3 gridded Mascon Terrestrial Water Storage anomalies data
Snow Water Equivaleritom theSNOwData Assimilation SystenBNODAS
Soil Moisture from the Global Land Data Assimilation System (GLDAS)
Reservoir storage from the California Data Exchange Center (CDEC)
Sacramento / San Joaquin River Basin boundary fnbenactive Database of the
Worl dds River Basins
2. Preprocessing:
1 Preprocess reservoir storage anomaly data
1 Convert all units to cm
1 Multiply GRACE mascon data byriddedgain factos.
1 Produceanomalies for all variables of interest using the same time pasioakeline
aswith GRACE data (Jan. 2004Dec. 2009)
3. Produce groundwater estimate by subtracting soil moisture, snow water equivalent, and
reservoir anomalies from GRACE mascdWS anonalies
4. Plot thetime series plobf the groundwater storage anomaliethi@ basin.

= =4 -4 A

Sample Producs
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7.4.3 Ocean Mass & SeavelBudget

Goal: There are two main objectives for this example. The first is to derive global ocean mass
anomalies from GRACHEhascon ocean bottom pressure (OBP) data. The second objective
involves determining anomalies in the global sea level budget and estimate the change in ocean
volume caused by thermal expansion.

Approach: The approach to derive global ocean mass anomaiies/es removing the effects

of atmospheric pressure from bottom pressure, and then adjusting for the difference of ocean
density versus freshwater densifjre resulting oean mass anomalies @nensubtracted from

the sea surface height anomalies from altimetry measuremeortder toassess ocean height
change caused by thermal expansion. Methods used in this use case follow those described by
Llovel et al. (2015).

Summary of Stepg(also see Apendix C):
1. Download the data:
1 Level3 gridded Mascon Water Storage anomalies data from GRACE Tellus website
1 Ocean mask from GRACE Tellus website
1 GAD product from Atmosphere and Ocean Dealiatiegel1B (AOD1B). GAD
represents the bottom pressure simulated by Ocean Model for Circulation and Tides
(OMCT), forced by atmospheric energy and momentum fluxes (e.g., wind stress). In
this application, only the global ocean mean of GAD is required
1 Globd GlA-correctedSea Levekime series
2. Convert GRACE ocean bottom pressure (OBP) mascons to ocean mass anomalies:
1 Apply ocean mask to isolate the ocean in GRACE mascons
1 Remove effect of atmospheric pressure by subtracting the GAD background model
from GRACE mascons
1 Obtain ocean mass anomalies by adjusting for the difference in ocean density versus
freshwater density (a small correction)
3. Use asealevelbudgetapproacto estimate thermal expansion
1 Subtract sea surface height from ocean mass anomalies.
1 Produce a graph and time series decomposition of the component of ocean height
change attributed to thermal expansion.

Sample Product

Global Sea Level Anomalies
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7.4.4 Ocean Currents & Transport

Goal: The goal of this use case is to summarize the steps taken by Landerer et al. (2015), who
present the first measurements of changes in the meridional transport gidaleétlantic
Meridional Overturning Circulation (AMOC) flows using Ocean Bottom §ues (OBP)

estimates derived from GRACE.

Approach: The methodology involves using the zonal OBP differences at the basin boundaries
of the Atlantic to obtain information on AMOC variatiorss the largescale flows are

dominated by a geostrophic balanites meridional transport per unit depth at a particular

latitude and depth can be derived from the zonal bottom pressure differences and at the eastern
and western basin boundarié&ethods for this use case are described in detail by Landerer et al.
(2015).

Summary of Steps(also see Appendix D)
1. Download the data:
a. Level3 gridded Mascon Terrestrial Water Storage anomalies data from GRACE
Tellus website
b. Oceammask from GRACE Tellus website
2. Use GRACE ocean bottom pressure (OBP) mascons to charagtet@€ variations.
a) Derive the meridional transpdiY«hix at a particular latitude (y) and depth (z) by
dividing the zonal bottom pressure differendescity andd  «hi at the
eastern and western basin boundaries by the Coriolis paraiteted(he mean
sea water density ():

eS¢ b i
Yo ,,“
Q
b) Integrating this between depth levgfsandqg yields the layer geostrophic
AMOC volume transport from ocean bottom pressure data across the ocean basin:

Y ,,i“Q o a0 dn Qad

Sample Producs
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Figure fromLanderer et al. (2015Yhe map shows oceanttom pressure anones(mean of
November 2009 through March 2010, relative to 2Q08.2 mean) over the North Atlantic
basin. Also shown is the location of the hydrographic in situ RAPID MOCHA section (green
line; Marotzke et al.2002. Bottom pressure signals are largest awtlestern side of the basin
and tend to be anticorrelated between shallav (0 0 O
5000 m) ( s d)eOnamHgd FOBPurceor responds to

m)

and

deepédr

Figure from Landerer et al. (2019)he graph shows emidional transport estimates from
GRACE OBP anomalies on the eastern and western margin integrated over iH£08006
depth layer at 26.5N, compared to the RABMDCHA estimate of LNADW. The RMS
difference between these two estimates iste2drupandthe correlation is R = 0.69. The 1
sigma error of the GRACENADW estimate is £1.Bverdrup
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